This study was to determine whether curcumin had any effect on the proliferation of neural stem cell (NSC), analyze the expression of glucocorticoid receptor (GR), signal transducer and activator of transcription 3 (STAT3), and Notch1 at transcription and protein level, and discuss the related mechanisms.
| INTRODUC TI ON
Curcumin is the major component of turmeric that is widely used in Indian curries and many other dishes and has also long been used for the treatment for inflammatory diseases. 1 Numerous studies 2 have demonstrated that curcumin possesses many pharmacological activities including anti-inflammatory, antioxidative stress, and antitumor properties. Therefore, curcumin has been widely used in cancer chemoprevention and tumor growth suppression studies. 3 and focal cerebral ischemia 4 by attenuating neuronal apoptosis and inducing neuronal differentiation. [5] [6] [7] Recently, some reports have revealed 8, 9 that curcumin could stimulate proliferation of neural progenitor cells (NPCs) and adult hippocampal neurogenesis.
NSCs exist in both the developing nervous system and adult hippocampus and subventricular region of the cerebral cortex system. 10 They have the ability to self-renew and differentiate into neurons, astrocytes, and oligodendrocytes, playing an important role in neurogenesis of the normal mature brain and after injury. 11 Factors are known to affect the division and differentiation of NSCs, including environmental stimuli, injuries, and medications. 12 A deeper understanding of factors affecting neurogenesis would help to improve the treatment of central nervous system (CNS) injuries and neurodegenerative disorders. Curcumin has been reported to exert biphasic effects on the proliferation of some stem cells including spinal cord NPCs, 13 mice embryonic NPCs, 8 and 3T3-L1 preadipocytes, 14 in which low concentrations of curcumin could activate signaling pathways including mitogen-activated protein kinase (MAPK) signaling pathway 13 in particular involving with p-ERK and p-38 signals 8 to stimulate cell proliferation. On the other hand, other studies argued that spinal cord NPCs apoptosis could be mediated by glucocorticoid receptor (GR), 15 and also the regulation of stem cell self-renewal involved many other signaling pathways such as Jak/STAT3 16 and Notch1. 17 It has been reported curcumin inhibited GR-mediated transcription in HeLa cells 18 and downregulated the expression of STAT3 in adult brain. 19 The MAPK, GR, and Notch signaling pathways all play important roles in neural development and work as a network, but exact mechanisms about how curcumin stimulates NSC proliferation are complicated and remain unclear. The aim of this study was to explore the involvements of GR, STAT3, and Notch1 to the effect of curcumin on rat embryonic NSC proliferation. 
| MATERIAL S AND ME THODS

| Animals
| Reagents
Reagents used in this study were as follows: Hank's balanced salt solution (HBSS), serum-free Dulbecco's modified Eagle's medium (DMEM)/ F12 medium, and B27 supplement without vitamin A (Gibco, USA); basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF) (Cali-Bio, USA); CytoTox 96 ® Non-Radioactive Cytotoxicity Assay (Promega, USA); corticosterone, mifepristone, and cryptotanshi- 
| Cell culture
NSCs were harvested from E15 SD rat brain and cultured as described. 20 Briefly, the embryo cortices were dissected in ice-cold dissection buffer (HBSS), and single-cell suspensions were obtained by mechanical dissociation. Primary cells were cultured at 1 × 10 6 cells/mL on 25 cm 2 cell culture flasks in serum-free DMEM/F12 medium supplemented with bFGF (20 ng/mL), EGF (20 ng/mL), penicillin (100 U/mL), and streptomycin (100 ug/mL) and 2% B-27 supplement without vitamin A and then transferred to a humidified cell culture incubator at 37°C with 5% CO 2 . Half of the fresh medium was changed once every 2 days, and cells were passaged after 5-7 days.
All experiments were performed at the second passage. 5 × 10 4 cells in 100 μL medium were added to a well of polyl-ornithine-coated 96-well microplates. The primary cells cultured in flasks were spherical, but after passage, they grew as individual undifferentiated cells on coverslips, and the NSCs were identified by NESTIN and SOX2 antibody staining. The result showed that more than 98% of them were NESTIN/SOX2 positive.
| Curcumin administration
Curcumin was dissolved in DMSO (0.1%), which was proved no cytotoxicity. 21 Cells were divided into seven groups at random: control group (C), 0.1% DMSO group (D), and 0.1, 0.5, 2.5, 12.5, and 62.5 μmol L −1 curcumin groups (0.1, 0.5, 2.5, 12.5, and 62.5 group).
Cells were cultured in the plates for 24 hours and treated with curcumin for another 24 hours. Corticosterone (CORT, 10 μmol L −1 ) and mifepristone (Mife, 10 μmol L −1 ) as the agonist and antagonist of GR, respectively, and cryptotanshinone (CTS, 5 μmol L −1 ) as the antagonist of STAT3 were added 1 hour prior to curcumin exposure.
| Lactate dehydrogenase assay
Lactate dehydrogenase (LDH) has been widely used to estimate cell cytotoxicity due to its ability of early detection of low-level cell cytotoxicity. LDH was quantified using a commercially available CytoTox 96 ® Non-Radioactive Cytotoxicity Assay according to the manual. Briefly, cells were seeded at a density of 5 × 10 4 cells in 96-well plates and then administered with curcumin as previously described. Twenty four hours after curcumin treatment, 10 μL lysis 10× solutions per 100 μL of culture medium was added, followed by incubation at 37°C for 45-60 min. Finally, the absorbance at 490 nm wavelength was measured with an enzyme-linked immunosorbent assay (ELISA) microplate reader.
| Cell viability and proliferation assay
Cell viability and proliferation were assessed by MTT assay and BrdU immunocytochemistry assay, respectively. Cells were seeded at a density of 2 × 10 4 cells in 96-well plates and then administered with curcumin as previously described. 20 μL 5 mg mL −1 MTT was added to each well per 100 μL culture medium at the end of curcumin treatment. The plate was incubated at 37°C for 4 hours, and the absorbance at 560 nm wavelength was measured with an ELISA microplate reader. Cell proliferation was analyzed with BrdU Cell Proliferation Assay Kit. Twenty four hours after treatment, 20 μL BrdU was added to each well per 100 μL culture medium and incubated at 37°C for 24 hours. Finally, the absorbance at 490 nm was measured with an ELISA microplate reader.
| Real-time PCR
Cells were seeded at a density of 1 × 10 6 cells in 6-well plates and then administered with curcumin as previously described. Total 
| Western blotting
Cell culture and curcumin administration were the same as qRT-PCR assay. The protein was extracted and quantified with BCA Protein Assay Kit according to the manufacturer's instructions. The protein was homogenized and boiled for 5 min. Equal amounts of protein were separated by SDS-PAGE using 8%-10% gels and transferred onto a polyvinylidene difluoride membrane. The membrane was immediately placed in a blocking solution (5% nonfat dry milk in 0.05% TBS-Tween (TBS-T) buffer) for 1 hour at room temperature, then washed 3 times in TBS-T buffer, and incubated with primary antibodies overnight at 4°C in blocking solution. The primary antibodies were used including mouse anti-GR, rabbit anti-STAT3, rabbit anti-p-STAT3 antibodies, and rabbit antiβ-actin as a loading control. The membrane was then washed in TBS-T buffer and incubated with peroxidase-conjugated goat anti-rabbit IgG or peroxidaseconjugated goat anti-mouse IgG for 2 hours at room temperature. The protein band was detected by enhanced chemiluminescence (ECL) and captured by the imager (GE Healthcare Life Sciences, ImageQuant LAS 4000 mini). The Quantity One 4.62 software was used to analyze the integrated absorbance (IA) of related protein band.
| Statistical analysis
Results are presented as mean ± standard error of the mean (SEM).
The statistical significance of the differences between the groups was determined by analysis of variance (ANOVA) with Fisher protected least significant difference (PLSD). All statistical analyses were performed using SPSS 19.0. Values of P < 0.05 were considered to be statistical significance.
| RE SULTS
NSCs were isolated from E15 rat brain, and the cells formed neurosphere in the flask. After dissociation and plated on polyl-ornithinecoated coverslips, the cells grew as undifferentiated monolayer.
Immunofluorescence showed more than 98% were stained positive for both NESTIN and SOX2, confirming that they were NSCs (Figure 1 ).
| Effects of curcumin on NSC cytotoxicity
To determine the cytotoxicity of curcumin, colorimetric assay was used to measure the concentration of LDH in the culture medium ( Figure 2A ). There was no significant difference in the concentration of LDH between the control and DMSO groups (n = 9, P > 0.05), indicating that 0.1% DMSO was nontoxic to NSCs. However, the effects of curcumin on NSC cytotoxicity were significantly different between the curcumin-treated groups, showing a concentrationdependent manner. The concentrations of LDH in curcumin at lowconcentration (0.1, 0.5, and 2.5 μmol L −1 ) groups were similar to that in control group, and there was no significant difference between these groups (P > 0.05). In contrast, the concentration of LDH was significantly increased in 12.5 and 62.5 group as compared with that in control group (P < 0.05), but the difference between these two groups was not significant. These results showed that high-dose curcumin may induced NSC cytotoxicity in a dose-dependent manner.
| Effects of curcumin on NSC viability and proliferation
We then analyzed the NSC viability and proliferation after curcumin treatment. NSC viability was evaluated by MTT proliferation assay ( Figure 2B ). Except in 0.1 group, cell viability was increased significantly in the other two curcumin low-concentration (0.5 and 2.5 μmol L −1 ) groups (n = 9, P < 0.05), and there was no significant difference between them. However, cell viability was decreased significantly in 62.5 group (P < 0.05). BrdU is a thymidine analog that is incorporated into cells only during S-phase of cell cycle, and it was used to monitor cell proliferation ( Figure 2C ). The result showed that curcumin at low concentrations (0.1, 0.5, and 2.5 μmol L −1 ) promoted cell proliferation, and the effect was most pronounced in 0.5 group compared with other groups.
In contrast, curcumin at high concentrations (12.5 and 62.5 μmol L −1 ) suppressed cell proliferation significantly (n = 9, P < 0.05).
| Effects of curcumin on NSCs proliferationrelated genes expression
To further explore the mechanism of curcumin-induced proliferation in NSCs, 0.5 μmol L −1 curcumin was used to explore its effect on expression of related genes. As GR, STAT3, and Notch1 are all involved in neurodevelopment, their transcription after curcumin treatment was measured by qRT-PCR. It showed that the mRNA expression of GR and STAT3 was decreased after 24 hours exposure to curcumin ( Figure 3A ,B, n = 8, P < 0.05). However, the mRNA expression of Notch1 in curcumin groups was similar to that in the control group, showing no significant difference (n = 8, P > 0.05) ( Figure 4 ).
| Effects of curcumin on NSCs proliferationrelated protein expression
To further explore the effect of curcumin on NSC proliferation, we detected the protein expression of GR and STAT3 because their mRNA expression levels underwent change in RT-PCR research.
First of all, both GR and STAT3 proteins were expressed in our cultured NSCs ( Figure 5A ). Western blotting analysis showed that the In addition, the protein expression of both STAT3 ( Figure 5C ) and p-STAT3 ( Figure 5D ) in 0.5 group was decreased when compared with C group (n = 8, P < 0.05). However, there was no difference between the three groups about the ratio of p-STAT3/STAT3.
| Inhibition of GR and STAT3 signaling increased NSC viability and proliferation
We then set to investigate the effects of GR and STAT3 signaling on curcumin-induced NSC viability and proliferation. Pretreatment with mifepristone and cryptotanshinone prior to curcumin exposure resulted in significant augment of cell viability ( Figure 5A 
| D ISCUSS I ON
Previous studies 22 demonstrated that curcumin enhanced neurogenesis in neurodegenerative diseases. In addition, treatment of curcumin stimulated proliferation of stem cells both in vivo and in vitro. 8, 9 However, responses to curcumin were reported to be different under various conditions with respect to the dose, time, and cell type. 23 In the present research, we demonstrated that curcumin had a biphasic effect on the proliferation of rat NSCs. The low concentrations (0.1, 0.5, and 2.5 μmol L −1 ) of curcumin stimulated NSC proliferation, whereas high concentrations (12.5 and 62.5 μmol L −1 ) inhibited NSC proliferation.
In view of the high concentrations of curcumin produced a cytotoxic effect on NSC, we chose the low concentrations for further investigation. According to the results of cell toxicity, vitality, and proliferation, 0.5 μmol L −1 curcumin was found to be atoxic on NSCs; and it strongly promoted NSC vitality and proliferation. Therefore, 0.5 μmol L −1 curcumin was selected as the optimal dose to explore the possible mechanism underlying the effect of curcumin on NSC proliferation. Division and differentiation of NSCs are known to be controlled by a network of transcriptional, growth, and hormonal factors, which is vital for the F I G U R E 3 Effects of curcumin on mRNA expression of GR, STAT3, and Notch1 by RT-PCR. NSCs were seeded into 6-well culture plates and treated with curcumin for 24 h. The mRNA expression of GR (A) and STAT3 (B) in both C and D groups remained unchanged significantly, but it was significantly decreased in 0.5 group. However, the mRNA expression of Notch1 remained unchanged significantly in all groups (C). *P < 0.05, compared with C group F I G U R E 4 Effects of curcumin on protein expression of GR, STAT3, and p-STAT3 by Western blotting. NSCs were seeded into 6-well culture plates and treated with curcumin for 24 h, and then protein was extracted for immunoblot analysis using antibodies against GR, STAT3, and phospho-STAT3. β-actin level was determined as a control for possible protein loading variability. The protein expression of GR, STAT3, and p-STAT3 remained unchanged in both C and D groups, but was significantly decreased in 0.5 group. *P < 0.05, compared with C group normal brain development including the embryo brain and adult CNS. GR is generally accepted as a cognate intracellular receptor that interacts with glucocorticoid hormones to mediate a wide range of biological processes, such as cell proliferation, inflammation, and immunity. 24 Previous studies 25 demonstrated that glucocorticoid hormones could reduce both neuronal proliferation and differentiation in human hippocampal progenitor cells by activating GR and induce NPC apoptosis in the mouse developing cerebellum. 15 Exposure of NSCs to dexamethasone decreased their proliferation in a GR-dependent manner. 26 According to the previous research reports, the action of GR involved classical GR signaling and nonclassical steroid hormone signaling. 27 The traditional view of GR transcriptional regulation is through the direct binding of glucocorticoid hormone (GC) to glucocorticoid response elements (GREs) or indirectly associated with other DNA-bound transcription factors. However, an increasing number of studies suggested that GCs could mediate rapid cellular responses via transcription-independent (nonclassical) mechanisms. The nonclassical existed a cross-talk between GR and other signaling pathways, which include MAPK family, such as ERK, p38, and JNK/SAPK signaling pathways. 28 A study in murine embryonic NPCs found that GR signaling pathway affected NPC proliferation through inhibition of gap junction intercellular communication (GJIC), which triggered to reduce the S-phase progression, and the rapid activation of GR could alter the ERK-1/2 in NPCs. 29 Kim et al 8 reported that curcumin stimulated NSC proliferation by activating the kinases of ERK and p38. However, ERK activation could block the serine phosphorylation of STAT3 in human neutrophils as it is the prevailing upstream kinase for phosphorylating STAT3 on Ser-727. 30 STAT3 pathway plays an important role in the maintenance of self in -renewal mouse embryonic stem cells, 31, 32 and suppression of STAT3 could directly induce neurogenesis and inhibit astrogliogenesis in neural stem cells. 33 Besides, Langlais et al 34 reported that GR can behave as transcriptional repressor when tethering to DNA-bound STAT3 and resulted in transcriptional repression.
Therefore, the nonreciprocal interaction between GR and STAT3 could result in different outcome of transcription. Notch signaling is reported to be involved in cell maintenance and determination of NSCs. 35 Notch1 is a stimulus for rat NSC development. 36 But in this study, the expression of Notch1 gene did not undergo significant changes.
| CON CLUS IONS
In summary, the present study showed that low-dose curcumin was able to stimulate the proliferation of rat NSCs and both GR and STAT3 signaling were involved. The specific mechanism may be associated with the nonclassical signaling pathway of GR, which control the proliferation of NSCs by activating the ERK pathway to regulate STAT3 protein expression or through the transcriptional interaction between GR and STAT3. But there are many shortcomings of this experiment. In view of the complicated interactions between signal pathways, more accurate researches are required, such as the gene silencing technology. Meanwhile, in vivo experiments are needed to confirm our in vitro findings. Nevertheless, this experiment provides a theoretical basis for further research in this field.
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